Background: With the loss of species worldwide due to anthropogenic factors, especially in forested ecosystems, it has become more urgent than ever to understand the biodiversity-ecosystem functioning relationship (BEFR). BEFR research in forested ecosystems is very limited and thus studies that incorporate greater geographic coverage and structural complexity are needed. Methods: We compiled ground-measured data from approx. one half million forest inventory sample plots across the contiguous United States, Alaska, and northeastern China to map tree species richness, forest stocking, and productivity at a continental scale. Based on these data, we investigated the relationship between forest productivity and tree species diversity, using a multiple regression analysis and a non-parametric approach to account for spatial autocorrelation. Results: In general, forests in the eastern United States consisted of more tree species than any other regions in the country. The highest forest stocking values over the entire study area were concentrated in the western United States and Central Appalachia. Overall, 96.4 % of sample plots (477,281) showed a significant positive effect of species richness on site productivity, and only 3.6 % (17,349) had an insignificant or negative effect. Conclusions: The large number of ground-measured plots, as well as the magnitude of geographic scale, rendered overwhelming evidence in support of a positive BEFR. This empirical evidence provides insights to forest management and biological conservation across different types of forested ecosystems. Forest timber productivity may be impaired by the loss of species in forests, and biological conservation, due to its potential benefits on maintaining species richness and productivity, can have profound impacts on the functioning and services of forested ecosystems.
Background
Over the past two decades, there has been an extensive discussion (see Cardinale et al. 2012; Naeem et al. 2012 and references therein) over the biodiversity-ecosystem functioning relationship (BEFR). The loss of biodiversity can greatly alter the characteristics and functioning of an ecosystem, including its productivity (Liang et al. 2015) and services (Hooper et al. 2005) . With the loss of species worldwide due to anthropogenic factors, climatic disturbance, altered disturbance regimes, and biological invasions, etc. (Fleming et al. 2011) , it has become more urgent than ever to understand the BEFR (Symstad et al. 2003) .
There is increasing evidence that supports a positive BEFR, which indicates the loss of biodiversity affects the functioning of an ecosystem Hooper et al. 2005; Cardinale et al. 2012; Naeem et al. 2012; Liang et al. 2015) . There are several mechanisms which are thought to be the basis for a positive BEFR. Historically, it is thought that niche complementarity Cardinale et al. 2011; Reich et al. 2012) , which constitutes niche differentiation and species facilitation, as well as the sampling effects (Hooper and Vitousek 1997; Wardle 1999) , i.e., the chance that a forest contains a more productive species increases with increasing species diversity, are reasons for a positive BEFR. Recently, Liang et al. (2015) developed a theoretical model to integrate complementarity and a new mechanism of diminishing marginal productivity in quantifying the effects of biodiversity loss on plant productivity.
Most existing evidence of a positive BEFR comes from grassland experiments at limited spatial scales Symstad et al. 2003; Cardinale et al. 2012) . Since these experiments usually do not include some key processes inherent to natural ecosystems, such as the introduction of new species, decomposition of woody plant material, large standing crop, and the utilization of water by woody tree species, it is difficult to extrapolate the results to greater temporal and spatial scales (Symstad et al. 2003) .
BEFR studies in forested ecosystems are in general limited to empirical analysis of observed data (Liang et al. 2007 (Liang et al. , 2015 Paquette and Messier 2011; Zhang et al. 2012) , primarily due to the complexity of forested ecosystems and the length of time it takes to derive estimates of growth and productivity. Although some argue otherwise (Chen et al. 2003; Vilà et al. 2003) , the majority of studies confirm a positive relationship between tree diversity and ecosystem productivity and services (Kelty 1989; Caspersen and Pacala 2001; Liang et al. 2005 Liang et al. , 2007 Liang et al. , 2015 ; Lei et al. 2009b; Paquette and Messier 2011; Young et al. 2011; Zhang et al. 2012; Gamfeldt et al. 2013) . BEFR also plays an important role in the management of forest resources. A traditional view in silviculture is that clearcutting with artificial regeneration (even-aged monoculture) optimizes forest productivity (e.g., Assmann 1970) , but it has been found that this maxim does not generalize (Hasse and Ek 1981; Haight and Monserud 1990) and that the mixed-species stands could have higher long-term productivity (e.g., Haight and Monserud 1990; Buongiorno et al. 1995; Liang et al. 2005 Liang et al. , 2006 . Most biodiversity studies in forested ecosystems have primarily used even-aged designs that lack structure complexity of natural uneven-aged forests (Leuschner et al. 2009 ). Thus, studies that incorporate greater geographic coverage and structural complexity are much needed for analyzing the BEFR in forested ecosystems.
Biodiversity studies of forested ecosystems, especially at larger geographic scales, are not only of great value to BEFR research, but also of strategic importance to the world's energy security and economic development. Tree species provide an essential source of energy and financial income worldwide, especially for rural areas where livelihoods depend heavily on forest resources (FAO 2012) . The limited maps of biodiversity across the world's forested ecosystems were developed using either raster data or point data. Biodiversity maps of raster data (Ricketts 1999; Hernandez-Stefanoni and Ponce-Hernandez 2006; Hernández-Stefanoni and Dupuy 2007; Kreft and Jetz 2007; Liang 2012) are mostly based on a combination of ground measurements, remote sensing data, and spatial estimation. As variance is ignored within a raster, such maps have limited value to BEFR studies. Maps showing distribution of biodiversity, consisting of point data are the most valuable, because spatially explicit biodiversity records can be matched with the forest productivity data at the same locations for the study of BEFR. Unfortunately, due to the cost of ground measurements, largescale maps of forest biodiversity are extremely limited across the world (Köble and Seufert 2001) and to the best of our knowledge, there is no map of forest biodiversity at the national scale for the United States.
The primary objective of this study was to investigate the effects of biodiversity on forest timber productivity, using extensive forest inventory data from the United States of America and China. The secondary objective was to synthesize these ground-measured data in mapping tree species richness, forest stocking, and productivity over all types of temperate forests across the United States.
Methods

Data
Data for this study came from two sources-Forest Inventory and Analysis of the United States of America (FIA, see Woudenberg et al. 2011 ) and the Forest Management Planning Inventory (FMPI) from the Wangqing Forestry Bureau in the Jilin Province of China (He et al. 2013 ).
FIA
The FIA databases are a product of the United States Department of Agriculture (USDA), Forest Service FIA Program, which has established a network of permanent sample plots across the United States to determine the extent and status of the nation's forests in regard to the condition, volume, growth, and depletions (Woudenberg et al. 2011 ). The FIA ground-based inventories have been conducted at different time periods by states, ranging from the 1960s to 2012. Following the passage of the 1998 Farm Bill (Gillespie 1999) , the FIA program in the new millennium switched from a periodic inventory system to an annual system in which a portion of the FIA plots in each state would be remeasured each year (Gillespie 1999) .
The FIA program uses a 3-phase sampling scheme (Woudenberg et al. 2011) . Phase 1 uses stratification to aggregate ground samples into groups to minimize variance using stratified estimation. Every FIA ground plot is assigned to a stratum of which a weight is based on its proportion within the estimation unit. Phase 2 consists of actual FIA ground plots, which follow a national standard and are fixed-radius plots 0.40 ha in size. To protect the privacy of landowners, geographic coordinates of FIA ground plots are "fuzzed" (Lister et al. 2002) . The true plot locations are known to be within 1.61 km of the fuzzed values under the periodic system, and 0.80 km under the current plot design that was first used in the 1990s for the last of the periodic inventories and all of the current annual inventories (Woudenberg et al. 2011) . The ramifications of using the fuzzed coordinates instead of real ones are provided in the discussion.
In the current FIA plot design, each permanent sample plot consists of four 0.02-ha subplots 7.32 m in radius. Subplots 2, 3, and 4 are situated around subplot 1 in a triangular pattern, with a 36.58-m distance between the plot centers of subplots 2, 3, and 4 and the center of subplot 1 (Bechtold and Scott 2005) . On a subplot, all trees greater than or equal to 12.70 cm in diameter at breast height (dbh) are measured. A 2.07-m radius microplot is located inside of each of the 4 subplots, in which all trees with a dbh smaller than 12.70 cm are tagged and measured.
FIA inventories are designed in a way such that state level sampling errors are met at the 67 % confidence limit (Woudenberg et al. 2011 ). Sampling error is kept ≤ 3 % for every 404,686 ha of timberland. It should be noted that despite the mandated sampling error to the area, the sampling errors applied to removals, volume, and total annual growth are targeted by the FIA program, which is 5 % for every 3 × 10 7 m 3 of growing stock on timberland for the eastern United States and 10 % for every 3 × 10 7 m 3 for the western United States. A total of 475,892 FIA permanent sample plots distributed across the contiguous United States and Alaska (Fig. 1) were used in this study.
FMPI
The FMPI data were collected from permanent sample plots at the forest management unit (FMU) level in the Wangqing Forestry Bureau (43°05'-43°40' N, 123°56'-131°04' E) of China in 2007 (He et al. 2013) . The study area is situated on the middle lower hill region of the Changbai Mountains in northeastern China. Elevation ranges from 550 to 1,100 m A.S.L. with an annual rainfall of 547 mm. The mean annual temperature is 3.9°C. Mean monthly maximum and minimum temperatures range between 22°C and −37.5°C, respectively. The study area was originally dominated by the mixed broad-leaved Korean pine (Pinus koraiensis) forest type, with dark brown forest soil. Most primary forests, however, have been altered into other forest types such as spruce-fir dominated mixed coniferous forests, birch-aspen mixed broadleaved forests, or plantations consisting of larch, spruce, fir, and pine after forestry practices and other disturbances.
The purpose of FMPI is to assess forest resources and to supply information requirements for forest management planning, spatial and functional patterns, and overall design of forestry at the FMU level (Lei et al. 2009a ). Sample plots, systematically designed with a 1 km × 2 km grid, were measured with a 10-year interval. In total there are 1,389 plots distributed in the forest bureau (Fig. 2) . The 0.06-km 2 plot is rectangular. In each plot, species and diameter of trees with a dbh above 5 cm were recorded. Three to five average trees were selected to measure age and height for computing stand age and height. Other factors measured are slope, aspect, elevation, soil type, soil depth, and management history.
Forest mapping
To study the forest productivity, stocking, and species diversity across the United States, state and regional FIA databases, obtained from different FIA regional offices, were compiled together into one nationwide master database (hereafter, master database). Using SQL queries Fig. 1 Forest types across the 48 contiguous U.S. states and Alaska, derived from both a forest type group map of the contiguous United States and a forest type group map of Alaska. With two sub-types within the Douglas-fir type (coastal Douglas-fir and interior Douglas-fir), we studied a total of 16 forest types across the United States. GCS_WGS_1984 projection for the main map and Alaska Albers Equal Area Conic projection for the inset of the Microsoft Access program, we first extracted values of 12 key attributes from individual state and regional FIA databases − plot number, tree species, dbh, tree status, trees per unit area that a sample tree represents, elevation, slope, forest type, site productivity class, latitude, longitude, and inventory year. The key attributes, which were used to develop the seven final variables used in this study (Table 1) , were all directly measured in the field, with an exception of forest type, which was assigned based on the plot location and the forest type map across the contiguous United States and Alaska at a 250-m spatial resolution (Ruefenacht et al. 2008) . We only selected these 12 key attributes for the master database because 1) these attributes are essential for deriving forest productivity, basal area, and tree species diversity that were used in our study; 2) all individual state and regional databases have these attributes; and 3) all the redundant or unused attributes from individual databases were deleted to keep the master database within our computation and storage capacity. After removing inconsistent, missing, and apparently erroneous entries, the final master database consisted of 475,892 permanent sample plots distributed across the contiguous United States and Alaska.
Tree species diversity (N), in terms of species richness, was derived from the predesignated numeric codes named "SPCD" that identifies species of every single tree in the FIA databases (Woudenberg et al. 2011) . N represents the number of species among all the live trees on a permanent sample plot and across the United States, and ranges from 1 to 24 (Table 2) .
Basal area (B), the total cross sectional area of all the live trees on a permanent sample plot, was derived from the FIA attributes dbh, tree status (ST), and trees per unit area (TPA) that a sample tree represents according to:
where tree status is a field recorded code defining the status of a tree: 0 indicates no status, 1 live, 2 dead, and (Table 2 ). The data for elevation (E) and slope (S), which were only used to develop a continuous measure of site productivity based on site class (see Eq. 2 below), were mostly obtained from the ground-measured FIA databases. However, 70 % of FIA plots in the master database were missing elevation records and 5.6 % were missing slope records. To retain these plots for the estimation of site productivity, especially for those forest types with a relatively small sample size (e.g., tropical and exotic hardwoods have only 408 plots and western hardwoods 1,924 plots), we derived the missing data from the plot coordinates and the Digital Elevation Model (DEM) of the United States. For the elevation, 70 % of data were derived from the DEM of the United States, and 30 % from the FIA databases. For the slope, 5.6 % of data came from the United States DEM and 94.4 % from the FIA databases. The DEM of the contiguous United States (30-m resolution) and Alaska (60-m resolution) was downloaded from the Geospatial Data Gateway site (http://datagateway.nrcs.usda.gov/, last accessed December 18, 2014).
The forest type map across the contiguous United States and Alaska was developed by Ruefenacht et al. (2008) based on the FIA data. The map has a 250-m spatial resolution, with an accuracy of ≈ 69 % for the 48 contiguous U.S. states, and ≈ 78 % for Alaska. For simplicity, in this study, we grouped some of the original forest types together based on similar geographic location and species composition to reduce the total number of forest types from 30 to 15 (Fig. 1) .
Only one of the 15 forest types was divided into subtypes. The Douglas-fir forest type consisted of Douglas-fir forests which grow near the Pacific coast and Douglas-fir forests which grow much further inland. Because of substantial differences in the climate and other growing conditions (Hermann and Lavender 1990) , the Douglas-fir forest type was separated into two subtypes, the coastal Douglas-fir forests (west of the longitude 120°W) and the inland Douglas-fir forests (east of the longitude 120°W). The coastal Douglas-fir forests mainly consist of coast Douglas-fir (Pseudotsuga menziesii var. menziesii), whereas the inland Douglas-fir forests are comprised mostly of another variety of Douglas-fir, namely Rocky Mountain or interior Douglas-fir (P. menziesii var. glauca).
Site productivity (C), a measure of the potential timber growth that a plot is capable of sustaining, was derived from a categorical attribute from the FIA databases named "SITECLCD" which ranks site productivity in a hierarchical order from one to seven. Each code of SITECLCD denotes a range of productivity: 1 stands for the most productive sites with a mean annual increment (MAI, see Hanson et al. 2003) (Woudenberg et al. 2011) . We converted the categorical attribute of SITECLCD to a continuous attribute of site productivity (C) by accounting for the effects of elevation and slope with a linear model:
where α 0 through α 3 were coefficients to be estimated by ordinary least squares (Table 3) . This model was based on previous findings that elevation and slope both have a profound impact on the productivity of forest sites (Stage and Salas 2007 and references therein). The model was calibrated with FIA data from the entire country by fitting observed plot-level values of SITECLCD, E, and S against the mid-point MAI values of the SITECLCD. The model was examined for the level of significance of the coefficients, the biological interpretation, and the normality of residual pattern. Then, we estimated the actual site productivity of 475,892 FIA plots using the values of SITECLCD, E, and S in Eq. 2, thereby making the site productivity of FIA plots a continuous variable across the country. The master database was created to produce nationwide maps of forest stocking (basal area), tree species richness, and site productivity. For the creation of each of these maps, two separate data layers were developed; one for Alaska and one for the contiguous United States. Each plot represents a raster with size 0.05°for the contiguous United States and size 0.2°for Alaska. The GCS-WGS-1984 projection was used for the contiguous United States and the Alaska Albers Equal Area Conic projection (NAD_1983 datum) was used for Alaska.
Diversity-productivity relationship
For each of the 15 forest types across the contiguous United States and Alaska, a multiple regression analysis was conducted to test the general effect of tree species richness (N) on site productivity (C), with forest stocking (B) being accounted for:
where B represents forest stocking (m 2 · ha −1 ) and C represents site productivity (m 3 · ha −1 · yr −1 ), i forest type (i = 1, 2, 3,…, 15), and j permanent sample plot number within the ith forest type. e represents the random error term. Coefficients (β's) were estimated with ordinary least squares, based on two assumptions: the sample is random, and the error term is of zero conditional mean and homoskedasticity. The full quadratic terms of N and B were incorporated in Eq. 3 to study how site productivity (C) changes in response to changes in species richness (N) while keeping basal area (B) constant at its sample mean for that forest type.
We employed Eq. 3 to study BEFR across different forest types, with an underlying assumption that biotic factors, namely species diversity and basal area, have direct causal effects on forest productivity. This assumption was supported by recent BEFR studies (e.g., Zhang et al. 2012; Liang et al. 2015) in terms of biodiversity effects, and a majority of forest dynamics studies (e.g., Shugart 1984) in terms of basal area effects. It should be noted, however, that we did not consider any abiotic factors in this study except for elevation and slope (Eq. 2) due to a lack of soil and other environmental records. Subject to the potential omitted-variable bias (Wooldridge 2000) , our results should be interpreted with caution. For instance, our results may address the effects of biodiversity on productivity, but the abiotic causes of biodiversity variation across the study region and their potential confounding effect on BEFR were not directly detectable with this database. Nevertheless, as an inherent nature of abiotic factors, their potential effects especially on forest productivity are in general spatially autocorrelated (Legendre 1993; Liang 2012) . To this end, we also employed a geospatial model to account for spatial autocorrelation and potential effects of abiotic factors.
Due to potential spatial autocorrelation, which can bias tests of significance due to the violation of independence (Clifford et al. 1989) in the FIA data, we measured the spatial autocorrelation function for C for each forest type using a nonparametric approach (Bjørnstad and Falck 2001) . Due to computational constraints, it was not possible to estimate the spatial autocorrelation function for most forest type's entire set of data; for example, the maximum number of sample locations for any one forest type was 141,062, while in 75 % of the forest types the number of spatial locations exceeded 7,000. To overcome this constraint, we used a bootstrapping sampling approach in which, for each forest type, up to ≈ 2,000 spatial locations and their associated value of C were randomly selected, from which we estimated parameters of the spatial autocorrelation. This procedure was repeated independently 200 times, from which we estimated the mean, and the 95 % confidence intervals using the 0.025 % and 0.975 % quantiles of the bootstrapped distribution of the parameters (Efron and Tibshirani 1993) . Since C for most forest types revealed initially some level of spatial autocorrelation, as determined by 95 % confidence intervals that did not include 0 for the estimate of the local spatial autocorrelation (Bjørnstad and Falck 2001) , we sought to detrend the data using a second-order polynomial spatial model fit to values of C for each forest type according to:
in which x and y represent the longitude and latitude, respectively, of the spatial location corresponding to the value of C. In this case, we used all values of C for each forest type as opposed to a randomly chosen subset. We used mixed stepwise regression to determine the appropriate model. Ultimately, 13 of the 15 forest types exhibited significant spatial autocorrelation in values of C as ascertained by significance of at least one parameter value in Eq. 4 (Table 4 ). For these 13 forest types, we then obtained the detrended residuals from Eq. 4. To ensure that the second-order polynomial spatial model adequately removed the spatial autocorrelation, we then estimated the spatial autocorrelation of the residuals obtained from Eq. 4 for these 13 forest types using the bootstrap sampling approach described above. In all forest type cases, there was no significant local spatial autocorrelation in the residuals based upon the 95 % confidence intervals. Thus, the spatially-detrended residuals for these 13 forest types were used in all follow-up analyses. For the remaining two forest types that did not exhibit significant spatial autocorrelation (maple/beech/ birch, and spruce/fir and exotic softwoods, Table 4 ), we used values of C in all follow-up analyses. All analyses were conducted in R 2.14.0. 
Results
Geographic distribution of tree species richness, forest productivity and stocking
The southeastern region (with an exception of the Gulf and Atlantic Coastal plains) and the Appalachian Mountains showed the highest tree species richness, whereas the majority of the mountainous regions of the western United States, the black hills region of South Dakota, western Texas, northwestern Minnesota, and the state of Florida had the lowest tree species richness (Fig. 3) . In general, forests in the eastern United States consisted of more tree species than those in the central and western parts of the country including the state of Alaska. Over the contiguous United States, the highest forest stocking values were concentrated in the western United States and Central Appalachia (Fig. 4) . Forests with high site productivity were generally distributed in the western slopes of the mountain ranges in northern and central California, western Oregon and Washington, northern Idaho, the southeastern United States (except Florida), southern Michigan, and the states of Illinois and Indiana. The areas with the most notable overall low values of site productivity were the southern Rocky Mountains and western Texas (Fig. 5) .
Oak/hickory and southern pine forests had the overall highest levels of species richness, and the western hardwoods, western conifers and western oak forests had the lowest (Table 2 ). The mean productivity over all of the forest types studied here was 4.84 m 3 · ha −1 · yr −1 . The most productive forest type was oak/gum/cypress whereas the least productive was pinyon/juniper. Average species richness for all forest types combined is 6.00 with a standard deviation of 3.42 (Table 2) .
Diversity-productivity relationship
Throughout all the 15 forest types in the United States, 12 plus the interior Douglas-fir subtype showed a positive relationship between species richness and site productivity, and only the coastal Douglas-fir subtype, northern pines, tropical and exotic hardwoods, and western hardwoods forest types had a negative or insignificant relationship (Table 5 ). Species richness was highly significant for all but the tropical and exotic hardwoods forest type. Over all the study areas, 96.4 % of sample plots (477,281) conformed to a positive effect of species richness on site productivity, and only 3.6 % (17,349) showed an insignificant or negative effect.
Based on the estimated coefficients of Eq. 3, when B was kept constant at its sample mean, as species richness increased from 1 to the 75th percentile values, site productivity was expected to increase by 1.2 m 3 · ha −1 · yr (Fig. 6) . The forests that showed a flat or negative diversity-productivity relationship were the coastal Douglas-fir subtype with a decline of −1.0 m 3 · ha −1 · yr −1 , the northern pines forest type (flat), the tropical and exotic hardwoods forest type (flat), and the western hardwoods forest type with a decline of −1.5 m 3 · ha −1 · yr −1 (Fig. 6 ). The FMPI data from Northeastern China conformed to the positive diversity-productivity relationship ( Table 5 ). As species richness increased from 1 to 12, productivity of the northeastern temperate forests in China improved from 2.5 to 4.0 m 3 · ha −1 · yr −1 , a 60 % increase from the base value (Fig. 7) .
Discussion
The findings largely support, from the perspectives of forested ecosystems over a large geographic scale, a positive biodiversity-ecosystem functioning relationship (BEFR). This is consistent with other experiments based generally on controlled field experiments with herbaceous species (see Cardinale et al. 2012 and references therein). Evidence from this study was unique because it was based upon almost half a million ground-measured forest inventory plots from a large geographic scale. Recognizing that different forest types vary in regards to Level of significance: < 0.001: ***; 0.001: **; 0.01: * how species diversity affects productivity, we categorized all the ground-measured plots into 15 forest types, and analyzed the diversity-productivity relationship specific to each forest type. The number of ground-measured plots, as well as the magnitude of geographic scale, rendered overwhelming evidence in support of a positive tree species diversity-timber productivity relationship. The negative diversity productivity relationship for the coastal Douglas-fir subtype that was found (Fig. 6b ) contradicts with the positive net basal area change in association with tree species diversity reported by Liang et al. (2007) for the same subtype. The main reason for this discrepancy may be in the measure of site productivity. While Liang et al. (2007) measured site productivity by net annual basal area change, which represents actual forest growth, this study quantified site productivity as potential timber growth that a site could sustain. Our results indicate that intensively managed coastal Douglas-fir forests feature a negative effect of diversity on potential timber growth presumably because these stands are artificially maintained in an early stage of stand development (stem exclusion) where current annual increment is nearly optimized at a low diversity. The inland Douglas-fir forests conformed to the positive biodiversity-forest productivity relationship as they are less intensively managed. It should be noted, however, that this implication was only applicable to Douglas-fir forests, which are in general low in tree species diversity. Southern pine forests, in spite of high management intensity, still show a positive tree species diversity-timber productivity relationship (Fig. 6j) . A possible explanation is southern pine forests by nature consist of more tree species than Douglas-fir forests. Also, the niche complementarity effect (see and references therein) that contributes to the positive BEFR could therefore be more prominent in the southern pine forests. Due to the use of observational data, the observed trends are subject to the usual caveats of multicollinearity. However, multicollinearity does not lead to a biased diversity-productivity relationship (Goldberger 1991) , even though it may lead to difficulties in quantifying the variance of predicted means. The partial effects of diversity may be more uncertain due to multicollinearity. Nevertheless, multicollinearity was not excessive in the present case as the Variance Inflation Factor of tree species richness (N) was estimated to be 1.08 using the "car" package of R (Fox and Weisberg 2011) , and all the forest types show very low standard errors in predicted site productivity (Fig. 6) . Another statistical caveat of this study, due to the use of observational data, is in the causal relationship between diversity and productivity. Without a controlled experiment, it is difficult to determine the cause and effect in the diversity-productivity relationship. Compared to controlled experiments, this empirical evidence provides insights to forest management and biological conservation that are of a much broader applicability, both in terms of forest type and geographic scale.
The fuzzed FIA plot coordinates could affect the accuracy of the estimated site productivity (C), as 70 % of plot elevation records and 6 % of plot slope records were obtained from a DEM using the fuzzed coordinates. Nevertheless, the impact should be small, as the differences between fuzzed coordinates and true locations of FIA plots can be treated as a normally distributed random process. Furthermore, as most forests across the United States are distributed on relatively flat surfaces, bias in elevation that is caused by fuzzed coordinates was limited. Slope data is the most sensitive to plot locations, but the accuracy of the site productivity model was maintained as 94 % of the data were measured in the field and only 6 % were estimated using the fuzzed coordinates. 
